Monoclonal antibodies having three different specificities have been prepared against the Egypt 101 strain of West Nile virus (WNV). All were reactive against the envelope glycoprotein in radioimmune precipitation tests, and all enhanced WNV replication in the mouse macrophage line P388D 1. One antibody, which is of IgG2a subclass, had strong neutralizing activity against the homologous virus, although it failed to neutralize a different WNV strain. The other two antibodies, both of IgG1 subclass, had little neutralizing activity, but one had strong reactivity with the haemagglutinin of the inducing virus and other flavivirus haemagglutinins.
INTRODUCTION
The 60 different viruses which make up the flavivirus genus show a variety of complex interrelationships, but have no serological relationship to viruses in other genera within the same family Togaviridae, i.e. the alpha-, rubi-and pestiviruses. We have been particularly interested in the phenomenon, which has been shown to be dependent upon Fc receptor function of the host cells, of enhanced replication of flaviviruses in the presence of subneutralizing concentrations of antisera against the same, or different, flaviviruses (Halstead & O'Rourke, 1977; Halstead et al., 1980; Peiris & Porterfield, 1979) . Using a simple method for quantifying enhancing antibody activity in the mouse macrophage cell line P388D1 infected with West Nile virus (WNV), Peiris & Porterfield (1982) showed that enhancing antibody correlated well with antibody measured by haemagglutination inhibition (HI), but less well with neutralizing antibody, both in the time course of appearance, and in titres obtained using a panel of different flavivirus antisera. This raised the possibility that enhancing and neutralizing antibodies may be distinguishable, either by immunoglobulin subclass or by the antigenic determinants against which they are directed. A logical approach to this problem was through the preparation and use of monoclonal antibodies.
METHODS
Viruses, cells and media. The viruses used were WNV (Egypt 101 and Smithburn strains), Alfuy (MRM 3929), dengue type 2 (Tr. 1751), Kunjin (MRM 16), Murray Valley encephalitis (1/1951), Tembusu (MM 1775) and Uganda S (original). The cell line used for plaque assays and for neutralization tests was the PS clone D line grown in Leibowitz L-15 medium supplemented with 3 % heat-inactivated (56 °C, 30 min) foetal calf serum (HIFCS) and 10% tryptose-phosphate broth (Difco) (Madrid & Porterfield, 1974) . For the antibody-dependent plaque enhancement assay (ADPE), the continuous macrophage cell line P388D1 was used (Koren et al., 1975) , the medium used for cell growth being the alpha modification of Eagle's minimal essential medium (Gibco-Biocult) supplemented with 10% HIFCS. The P3-NS/1-Ag4-1 mouse myeloma cell line was maintained in RPMI 1640 (Gibco-Biocult) supplemented with 10 % HIFCS and glutamine (complete RPMI).
Animals. Balb/c mice were bred at the Sir William Dunn School of Pathology, Oxford. Preparation of monoclonal antibodies. Balb/c mice were immunized with WNV, Egypt 101 strain, grown in suckling Balb/c mouse brain, the first dose being fl-propiolactoneinactivated WNV in Freund's complete adjuvant inoculated subcutaneously, followed by two further injections of live WNV (3 × 107 p.f.u.) intraperitoneally at monthly intervals. A month after the final immunization the mice were boosted with fl-propiolactone-inactivated virus intravenously, and spleen cells were fused with NS/1 myeloma cells by standard methods (Galfre et al., 1977; McMaster & Williams, 1979) . Supernatant medium was assayed for antibody activity by a solid-phase radioimmunoassay (SPRIA) (adapted from Rosenthal et al., 1973) and by an ADPE assay (Peiris & Porterfield, 1981) . Hybridomas from wells with positive supernatants were picked, grown up and cloned in soft agar. Monoclonal antibody was prepared either as tissue culture supernatant fluid or as ascitic fluids from Pristane-primed Balb/c mice inoculated with antibody-producing hybridoma cells.
Serological assays. The 50% plaque neutralization tests were performed as described by Madrid & Porterfield (1969) . Haemagglutination inhibition (HI) and complement fixation (CF) tests were as described by Clarke & Casals (1958) and by Shope & Sather (1979) . The SPRIA and ADPE have been described elsewhere (Peiris & Porterfield, 1981) . Endpoints in ADPE titrations were the highest antibody dilutions producing >threefold enhancement of plaque counts over controls.
Protein A-Sepharose column chromatography of monoclonal antibodies. Hybridoma ascitic fluids were adjusted to pH 8 with 1 M-tris pH 9 and loaded on a Staphylococcus aureus protein A-Sepharose column. Antibody was eluted with a step gradient consisting of 1 M-tris-HC1 pH 8, phosphate buffer pH 6, citrate buffer pH 4.6 and citrate buffer pH 3.6 (Ey et al., 1978) . IgG1 elutes with pH 6 buffer, IgG2a with pH 4.6 buffer, and IgG2b with pH 3.6 buffer. IgM does not bind to the column and runs with the front.
Isoelectricfocusing ofmyeloma proteins. The procedure was as described by Roehrig et al. (1980) .
Immunoglobulin subclass determination. Tissue culture supernatants of hybridomas were tested by Ouchterlony double-diffusion after concentration of the globulins by ammonium sulphate precipitation (Heide & Schwick, 1978) using antisera specific for immunoglobulin subclasses obtained from two independent sources (Miles Research Products, Slough, U.K. and Meloy Laboratories, Springfield, Va., U.S.A.).
Radioimmune precipitation of WNV structural proteins by monoclonal antibodies. WNV labelled with [35S]methionine was prepared from infected chick embryo fibroblast cells and purified by polyethylene glycol precipitation and isopycnic centrifugation on a continuous 30% glycerol-45 % tartrate gradient (Trent, 1977) . The radioimmune precipitation procedure was as described by Roehrig et al. (1980) . Briefly, purified [35S]methionine-labelled WNV was incubated in TNE (0.1 M-tris pH 7.6, 0.75 M-NaC1, 0.003 M-EDTA) buffer and 0.2% Triton X-100 for 2 h at 37 °C. To 100 ~tl of this antigen was added 20/al monoclonal antibody. After incubation for 2 h at 25 °C, 100 /~1 rabbit anti-mouse IgG was added followed by re-incubation (2 h at 25 °C). Antigen-antibody complexes were precipitated by adding an equal volume of 10% S. aureus protein A-Sepharose. The washed precipitate was boiled in Laemmli's (1970) electrophoresis loading buffer to elute immunoprecipitated antigens and analysed by SDS-polyacrylamide slab gel electrophoresis. hybridomas, F7/C and F7/K proved difficult to clone successfully and are not further considered in this paper. The three positive clones were all reactive by both SPRIA and ADPE assays.
RESULTS

Results of fusions from which anti-WNV monoclonal antibodies were derived
Immunochemical charaeter&ation of anti-WNV monoelonal antibodies
Ouchterlony double-diffusion analysis showed that antibodies F7/3 and F7/101 were IgG 1 subclass, whereas F6/16A was IgG2a. These subclass determinations were confirmed by elution profiles of the respective hybridoma ascitic fluids from protein A-Sepharose columns. Fig. 1 (a to c) shows respectively the elution profiles of monoclonal antibodies F7/3, F7/101 and F6/16A; the first two eluted at pH 6 (IgG1 subclass), whereas the third eluted at pH 4.6 (IgG2a subclass). Monoclonality of the three antibodies was confirmed by isoelectric focusing of myeloma proteins.
Radioimmune precipitation of WNV structural proteins with monoclonal antibodies
All three monoclonal antibodies immunoprecipitated a single virion polypeptide which co-migrated with the envelope glycoprotein of WNV on SDS-polyacrylamide gel electrophoresis.
Biological activities of anti-WNV monoclonal antibodies with flaviviruses as determined by neutralization, haemagglutination inhibition and antibody-dependent plaque enhancement assays
The first line of Table 1 shows the reactions of monoclonal ascitic fluids as measured in tests with the homologous Egypt 101 strain of WNV. Only F6/16A antibody was potent in neutralization tests, and only F7/3 antibody showed powerful activity in HI tests. The HI reactivities of the other two antibodies were of much lower magnitude and showed marked pH dependence, being apparent only at pH 6.6, the optimum pH for this batch of WNV antigen, whereas antibody F7/3 reacted to the same high titre at pH 6 as at pH 6.6. All three antibodies, up to dilutions of 10 -2 to 10 -6, enhanced the plaque counts produced by WNV in the mouse macrophage cell line P388D1. All three antibodies also produced specific immunofluorescent staining of WNV-infected PS cell cultures (data not shown). None of the antibodies was reactive in complement fixation tests, using guinea-pig complement. Although Table 1 . By HI, antibody F7/3 was reactive to high titre against all the flavivirus antigens tested. The group specificity of antibody F7/3 was confirmed in ADPE assays, where it was reactive not only against the closely related Kunjin virus, but also against the more distantly related Uganda S virus.
In marked contrast to the group reactivity shown by antibody F7/3, antibody F6/16A showed narrow type-specific reactivity in neutralization tests, and even discriminated between the homologous Egypt 101 strain of WNV, which it neutralized, and the Smithburn strain of WNV, which it did not neutralize. Antibody F6/16A alone failed to neutralize Kunjin virus, nor was any synergistic neutralization against Kunjin virus evident following the addition of F7/3 or F7/101 antibodies. However, in ADPE tests, antibody F6/16A was active against Kunjin virus as well as against the Egypt 101 WNV, but it failed to react with the Smithburn strain of WNV by this assay also. Antibody F7/101 recognized an antigenic determinant with subgroup-specific distribution within the flaviviruses, showing reactivity against both strains of WNV and against Kunjin virus, but not Uganda S virus.
DISCUSSION
Flaviviruses contain a single molecule of linear, single-stranded RNA, have three structural proteins, an envelope glycoprotein E, and a core protein C and membrane protein M, both of which are non-glycosylated, and specify an uncertain number of non-structural proteins which are found in infected cells (Westaway et al., 1980) . Trent (1977) has shown that the envelope glycoprotein E has group, subgroup and type-specific determinants, and he suggested that there was one primary, invariant sequence on the molecule that was responsible for group reactivity across the flaviviruses, together with a variable portion that carried subgroup and type-specific determinants. The three monoclonal antibodies produced against the Egypt 101 strain of WNV are all directed against determinants on the envelope glycoprotein; their properties are summarized in Table 2 . Considered in the light of Trent's (1977) analysis it seems probable that the F7/3 monoclonal antibody binds to the invariant group-specific portion of the E glycoprotein, since this antibody had strong antibody (HI, ADPE) activity, not only against the homologous WNV haemagglutinin, but also against other flaviviruses both within and outside the WNV subgroup. This F7/3 antibody had no neutralizing activity, but it did enhance the replication of WNV and other flaviviruses.
Antibody F7/101 had no substantial neutralizing or HI activity, but it showed subgroup specificity by ADPE, reacting with both strains of WNV and with Kunjin virus. Clone F6/16A produced the only antibody with powerful neutralizing activity; this was, however, limited to the homologous virus, and it is of interest that the Smithburn strain of WNV was not recognized by this antibody, although the two strains are indistinguishable by classical means (Melnick et al., 1951; Hammam et al., 1965) . This antibody also 'enhanced' the Egypt 101 strain of WNV but failed to 'enhance' the Smithburn strain. Somewhat surprisingly, Kunjin virus, which is known to be closely related to WNV (Westaway, 1965) , was recognized by this antibody in ADPE tests. It was initially believed that antibody F6/16A was completely unreactive in HI tests, since several tests with West Nile and other flavivirus haemagglutinins gave negative results. However, later tests with a different batch of Egypt 101 antigen sho~,ed that antibody F6/16A did have limited HI reactivity, which was markedly pH-dependent. The observations of Mosmann et al. (1980) may be relevant; they found that the apparent specificity of monoclonal antibodies for chicken red blood cell antigens is altered by changes in pH and temperature. Comparable pH-dependent changes in binding affinity may also affect the interaction between monoclonal antibodies and virus antigens, particularly the haemagglutinin, and may change the apparent specificity of different reagents.
The characterization of WNV monoclonal antibodies has helped to elucidate the nature of 'enhancing' and neutralizing antibodies. It is apparent that the same monoclonal antibody can effect neutralization when present in sufficient concentration and can effect enhancement when further diluted. Antibody to flavivirus type-, subgroup-or group-specific antigenic determinants may all mediate ADPE. The results suggest that the antigenic domains critical for haemagglutination (antibody F7/3 reactive) and for neutralization of infectivity (antibody F6/16A reactive) are distinct, although this interpretation is complicated by the pHdependent HI activity of antibody F6/16A referred to above.
The mechanisms involved in virus neutralization are still poorly understood (Mandel, 1979) . It would appear that antibodies F7/3 and F7/101 are enhancing in nature but neutralize poorly, and may be 'non-protective'. However, the synergistic virus neutralization observed when these two antibodies are combined shows that each may, in fact, contribute towards virus neutralization. A somewhat s'mailar phenomenon has been observed with pseudotypes produced by phenotypic mixing of SV5 and vesicular stomatitis viruses (Choppin & Compans, 1970) . These observations support the multi-hit mechanism for virus neutralization as advocated by Della-Porta & Westaway (1978), as indeed does the phenomenon of antibody-dependent plaque enhancement itself.
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